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The increased use of fluctuating renewable energy sources (RES) that is expected in the near future will
lead to challenges concerning their full integration in the distribution grid, the reduction of RES cur-
tailments and the mitigation of electric unbalances on the grid. Besides electric batteries (EB), other
technologies, such as Power-to-Gas (P2G), Power-to-Heat (P2H) and Combined Heat and Power (CHP),
make it possible to exploit synergies between various energy networks, thus alleviating problems of RES
integration. In fact, when these technologies work simultaneously in a single energy system, their
installed power mix, along with their optimised management and control, play a fundamental role in the
energy optimisation of the whole system.
The aim of this paper is to offer a methodological approach for the analysis of the synergies between
the different energy networks in order to cope with the increasing RES penetration. The proposed model
has been used to perform a sensitivity analysis on the installed capacity of the various technologies;
moreover, different simplified system management logics have been analysed by changing the priority
order of the renewable energy surplus usage. The obtained results have been compared from an ener-
getic, economic and environmental point of view.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As NASA has reported [1], the global temperature has risen by
about 0.8 C over the last 120 years. This increase is directly con-
nected to an increase in anthropogenic greenhouse gas (GHG)
emissions [2], and the 21st Conference of Parties (COP21) fixed a
limit to these emissions in order to keep the global temperature
increase below 2 C [2,3]. To achieve this goal, a reduction of 50% of
GHG emissions seems to be needed [4].
About 30% of GHG emissions are produced by the power sector
[5], with an average emission of 520 gCO2/kWh [6]. A shift from
fossil fuel-based energy production towards renewable energy
sources (RES) is therefore necessary to face this problem.
In the last few years, the installation of RES technologies (e.g.
wind turbines and solar photovoltaic systems) has grown consid-
erably and is expected to continue in the near future [7,8]; on the
other hand, the major drawback of the utilisation of intermittent
and variable renewable energies is the difficulty involved in
matching the energy production with the energy demand [9].
In order to cover the energy demand with RES, it is necessary toi).
Ltd. This is an open access article uoversize the RES power installation, and this may cause an over-
production during sunny and windy days. At present, the current
practice is to curtail over-generation rather than to adapt the de-
mand to an abundance of cheap, green energy. If this practice
continues, it has been estimated that, by 2030, about 30 TWh of
renewable electric energy will be curtailed per year and more than
200 TWh per year by 2050 [10].
One solution that can be adopted to meet the production and
electric demand is to resort to electric storage systems, such as
Pumped Hydro Storage (PHS), Electric Batteries (EB) and Com-
pressed Air Energy Storage (CAES). These technologies make the
electric demandmore flexible in time, and thus easier to be covered
by RES production. The economic impact on the energy system of
different electric storage devices was analysed and compared in
Ref. [11]. However, the flexibility that storage systems offer will not
be enough to balance the scenario, in consideration of an ever
increasing RES penetration. For this reason, the interaction be-
tween an electric energy system with other energy networks (e.g.
district heating and natural gas network) can introduce benefits for
the energy system as a whole, by adding flexibility to the demand
side.
An interaction between the various energy networks may be
achieved by implementing conversion technologies such as Power-
to-Heat (P2H), which mainly uses Heat Pumps (HP) or Electricnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Acronyms
CAES Compressed Air Energy Storage
CAPEX Capital Expenditure
CG2H Centralised Gas boilers
CHP Combined Heat and Power
COP Coefficient of Performance
CP2H Centralised Power to Heat
DH District Heating
EH Electric resistance Heaters
EB Electric Batteries
FLH Full Load Hours
G2H Gas boilers
GHG Greenhouse Gases
HP Heat Pumps
LCOE Levelised Cost of Electricity
LG2H Local Gas boilers
LH Local Heating
LHV Lower Heating Value
LP2H Local Power to Heat
NG Natural Gas
OPEX Operating and maintenance Expenditure
P2G Power-to-Gas
P2H Power to Heat
SNG Synthetic Natural Gas
RES Renewable Energy Sources
PV Photovoltaic plants
TC Total Cost
WT Wind Turbines
Fig. 1. Scheme of the energy system.
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(CHP) plants or Power-to-Gas (P2G) systems, which convert electric
energy into Synthetic Natural Gas (SNG).
As reported in the literature, these technologies may be of great
benefit for the future energy scenario. For example in Ref. [12], P2H
systems were analysed in a high RES penetration scenario, where
this technology was supposed to satisfy the heat demand using the
RES electricity production surplus; the role of CHP in a future smart
energy system was instead evidenced in Refs. [13,14].
As far as P2G is concerned, several research activities have been
carried out in the last few years, for example the advantages of
using P2G technology in future energy systems were discussed in
detail in Refs. [15,16], while the potential of P2G for RES energy
accumulation in Germany was discussed in Refs. [17,18]. P2G was
also applied in Ref. [19] to convert excess wind energy into SNG,
thus increasing the share of wind energy, while another interesting
study on the potential of P2G was carried out in Ref. [20] for the
Italian scenario, where it was estimated that the current quantity of
natural gas combustion could be reduced by nearly 5%, thanks to
this technology.
As reported in Ref. [21], in order to move towards a high RES
penetration scenario, it is necessary to study the energy system
(electric, heat and natural gas sectors) as a whole. This kind of
approach, which is usually called the Smart Energy System
approach [13,21], can lead, thanks to a higher RES exploitation [22],
to a reduction in the overall cost of the entire system. As a conse-
quence, energy system models, such as those mentioned in
Refs. [23,24], will become essential to forecast this trend. Several
models have in fact been developed to simulate the energy systems
of various regions, for example: for Australia [25,26], Berlin-
Brandenburg (Germany) [27], Brazil [28], Finland [29], Iran [30],
Pakistan [31], Rhineland-Palatinate (Germany) [32], Saudi Arabia
[33], Southeast Asia [34], South/Central America [35], the USA
[36,37], all of Europe [38] and for the entire World [39].
Despite the numerous articles in the literature about high RES
penetration energy system scenarios, it is still difficult to find
methodological approaches in literature that highlight the key as-
pects that should be considered when modelling and optimising
these very complex energy systems.
The aim of this work has been to provide a methodological
analysis for the optimisation of the synergies between different
energy networks (Electric Grid, District Heating and Gas Network)
in order to cope with the increasing penetration of high volatile
Renewable Energy Sources. Synergy between networks can be
achieved through different storage and conversion technologies,
such as EB, P2G, P2H, CHP and G2H systems. To carry out thisanalysis, a scenario based on real data pertaining to the city of
Turin, the capital of the Piedmont Region in the north-west of Italy,
has been applied. A possible simplified modelling and control
methodology of the energy system, which includes electric, heat
and natural gas energy networks, is discussed in this work. The
model is based on the energy balance between energy production
and demand, and the behaviour of the system has been evaluated
from an energy, economic and environmental point of view. The
impact of each technology has been evaluated, through a sensitivity
analysis, by varying the installed capacity of each system.Moreover,
the impact of other important parameters, such as the capital and
operation expenditure of the most cutting-edge technologies and
the renewable energy dispatch control has been discussed. These
sensitivity analyses, conducted on the various technologies and on
the control system, are useful to establish the weight that these
technologies could have on a future energy system and their impact
on the entire system from an environmental and economic point of
view.2. Methods
2.1. Energy system scheme
A schematic representation of the energy system studied in this
work is presented in Fig. 1, where the considered electric energy is
produced by RES (wind turbines and photovoltaic plants) and by
CHP systems. Electric batteries (EB) are also considered as electric
storage technologies in the scheme.
Heat is produced by CHP plants, by P2H technologies (Heat
Table 1
Characteristic data of the electric and heat demands.
Demand Annual dem. [GWh] Peak [MW] Mean [MW]
Electric 3000 621 342
Heat 4000 2103 456
M. Badami, G. Fambri / Energy 173 (2019) 400e412402Pumps and Electric Heaters) and by G2H boilers. Moreover, the heat
recovery during the methanation process of the P2G technology is
also considered.
The natural gas (NG) grid is assumed to be an open system: in
other words, the NG can be purchased from and sold outside the
system, without any restrictions.
The model permits the system to be simulated over an entire
year in a quasi-steady state mode, so the dynamics of the various
components is not considered in this approach. Finally, the whole
systemwas modelled as a 0 Dimensional scheme, hence the spatial
distances between the different technologies were neglected.2.2. Model scenario
The model presented above was applied to a scenario that was
based on real data from the city of Turin, a city in the north of Italy,
located 250m above the sea level, characterised by 2617 days [40]
and with a population of approximately 900,000 inhabitants [41].
The electricity demand, estimated from the National Grid
Operator data [42], is approximately 3 TWh, that is, 1/3 of the
electricity consumption of the entire metropolitan area (40%
consumed by the industrial sector, 36% by the tertiary sector, 23%
for domestic use and 1% for agricultural).
The thermal demand was instead derived from data reported in
Ref. [43] and from the temperature profile of the city of Turin for
the year 2016 [44]. The daily heat demand (Qday heat season [Wh]) for
the heating season was calculated from October 15th to April 15th
with Eq. (1) [43].
Qday heat season ¼ ð312 13 TmÞ V (1)
where Tm [C] is the average daily temperature and V [m3] is the
heated volume, which corresponds to a total of about 90 million
cubic meters [43]. The daily heat load outside the heating season
was not considered to depend on the outside temperature and was
considered to be equal to 13Wh per cubic meter [43].
The load duration profile of the aggregated electricity and
thermal load are plotted in Fig. 2. The thermal demand was divided
into the district heating demand (2/3 of the total) and the local heat
demand. Both the electricity and thermal load used for the simu-
lations have a temporal resolution of 15min.
The annual demand, the maximum peak and the mean power
value of the electric and head demands are reported in Table 1.
The annual photovoltaic production profile was calculated using
historical irradiation data for Turin for the year 2016 [44]. An
installed capacity of 750MWwas assumed with a loss factor of 0.1,
due to the non-perfect azimuth orientation [45]. This installedFig. 2. Load duration curve of the energy demands (electricity demand, district heat
demand and local heat demand).power value leads to an annual producibility of 919 GWh, which is
in line with that reported in Ref. [46], where the photovoltaic solar
energy potential of Turin was calculated on the basis of the avail-
able roof surface area.
As far as wind energy is concerned, the average wind speed in
Turin is not enough to encourage wind turbine installations, due to
the geographic position of the city. Nonetheless, the possibility of
installing wind turbines was also considered to make the study
more general. The annual profile of WT production was calculated
from historical wind data pertaining to the Liguria region (close to
Turin) for the year 2016 [44]. Taking into account the optimised
energy mix proposed in Ref. [32], an installed WT power of
1000MW was assumed.
The load duration curves of the two RES technologies are re-
ported in Fig. 3, while the installed capacity, the annual produc-
ibility and the Full Load Hours of the RES technology are
summarised in Table 2.
The installed capacities reported in Table 3 were chosen for the
energy conversion and storage technologies, again considering the
optimised energy mix proposed in Ref. [32], while the nominal
capacities of the CHP and G2Hwere designed to be able to cover the
maximum electric and heat load peaks.2.3. Mathematical models
2.3.1. Electric batteries
The mathematical model of EB is characterised by four param-
eters: the maximum capacity Eel max EB [kWh], and the charging and
discharging efficiencies hch, hdis and the Crate [1/h], the latter of
which is defined as follows:
Crate ¼ Pel max EBEel max EB
(2)
where Pel max EB [kW] is the maximum input power.
The stored energy at time t is:Fig. 3. Load duration curve for the WT and PV generation.
Table 2
Installed capacity of the RES technologies.
Technology Nominal capacity [MWel] Producibility [GWh/y] Full Load Hours
WT 1000 2583 2583
PV 750 919 1226
Table 3
Installed capacity of the energy storage and conversion technologies.
Technology Nominal capacity Unit
DP2H (HP) 100 MWth
DP2H (EH) 70 MWth
LP2H (HP) 100 MWth
LP2H (EH) 70 MWth
EB 1000 MWhel
P2G 200 MWel
DG2H 1400 MWth
LG2H 700 MWth
CHP 620 MWe
Table 4
Efficiency of the implemented components.
Technology Efficiency Ref
CHP hel CHP ¼ 0.40; hth CHP ¼ 0.45 [21,32,47e49]
P2G hP2G ¼ 0.60; hth P2G ¼ 0.25 [32,50]
EB hch ¼ 0.92; hdis ¼ 0.92; Crate ¼ 0.25 [27,32,50]
HP COP ¼ 3 [21,51e53]
EH hEH ¼ 0.98 [32]
G2H hG2H ¼ 0.90 [48]
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ðt
0
ðPel ch  Pel disÞ dt (3)
where Pel ch=dis is the charging/discharging power and:
Pel ch ¼ hch Pel in (4)
Pel dis ¼
Pel out
hdis
(5)
where Pel out and Pel in are the output electric power and the input
electric power, respectively, and the corresponding energies can be
calculated by means of integration.
2.3.2. Power-to-gas (P2G)
The P2G system is composed of an electrolyser and a methan-
iser. The electrolyser converts electric power into hydrogen that is
then converted into Synthetic Natural Gas (SNG) during the
methanation process. The P2G process can be summarised by
means of the following equation:
PSNG ¼ hP2G Pel in (6)
where Pel in [kW] is the electric input power, PSNG [kW] is the
produced SNG energy flow and hP2G is the conversion efficiency of
this process.
The heat recovered during P2G transformation, _QP2G [kW], can
be calculated as follows:
_QP2G ¼ hth P2G Pel in (7)
2.3.3. Power-to-Heat (P2H)
The P2H system includes Heat Pumps (HP) and Electric Heaters
(EH). The heat power produced by the heat pump ( _QHP [kW]) is
calculated as:
_QHP ¼ COP Pel HP (8)
where COP is the coefficient of performance.
The Electric Heaters are modelled by means of the following
equation:_QEH ¼ hEH Pel EH (9)
where _QEH [kW] is the heat power produced by the Electric Heaters
and hEH is the efficiency.
2.3.4. Gas boilers (G2H)
The gas boilers convert the chemical energy of natural gas into
heat, and the heat power _QG2H [kW] can be calculated as follows:
_QG2H ¼ hG2H _mNG LHVNG (10)
where hG2H is the efficiency of the boilers, _mNG [Sm
3/h] is the flow
rate of the natural gas and LHVNG [kWh/Sm
3] is its lower heating
value.
2.3.5. Combined Heat and Power (CHP)
The CHP system converts the chemical energy of the natural gas
into electricity, Pel CHP [kW], and heat, _QCHP [kW], according to the
following equations:
Pel CHP ¼ hel CHP _mNG LHVNG (11)
_QCHP ¼ hth CHP _mNG LHVNG (12)
where hel CHP and hth CHP are the electric and thermal efficiency of
the CHP, respectively.
The efficiencies of the components used in the simulations are
summarised in Table 4.
2.4. Performance indices
2.4.1. CO2 emissions
The CO2 emissions [tCO2] were calculated using the following
equation:
CO2 ¼ NGcons*NGEm factor (13)
where the emission factor for natural gas is NGEm factor ¼ 0.2012
[tCO2/MWhNG] [54] and NGcons [MWhNG] is the yearly natural gas
consumption, here defined as the natural gas consumed by the CHP
plants and the G2H systems minus the synthetic gas produced by
P2G.
NGcons ¼ NGCHP þ NGG2H  SNG (14)
Table 5
Economic parameters.
Parameter Value Ref
Purchase cost of the NG 50 V/MWh [27]
Selling price of the SNG 50 V/MWh Assumption
Selling price of the heat 45 V/MWh Assumption
Carbon tax 15 V/t [19,55]
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An economic analysis, based on the Levelised Cost of Electricity
(LCOE), was carried out. The cost of technologies that were not
involved in the production or utilisation of electricity, such as gas
boilers and the district heating network, were not considered in the
calculation of the LCOE. Fig. 4 shows the control volume of the
technologies involved in the LCOE calculation (control volume 1),
while control volume 2 includes the entire system and it was used
for the calculation of the CO2 emissions that influence the LCOE due
to the presence of a carbon tax.
The LCOE [V/MWhel] was calculated by means of the following
equation:
LCOE ¼ TC þ F  G H þ C
Eel
(15)
The annual total cost TC [V/year] was estimated taking into
account the capital expenditure (CAPEX [V]) and the annual oper-
ative expenditure (OPEX [V/year]). In other words, TC ¼P TCi was
considered as the total annual expenditure for the different
technologies:
TC ¼
X CAPEXi
Life time
þ OPEXi (16)
With reference to Eq. (15), F [V/year] is the yearly expenditure
for the fuel consumed by the CHP plants; H [V/year] are the reve-
nues for the heat produced and distributed to customers during the
year by the CHP, P2G and P2H; G [V/year] are the revenues for the
synthetic natural gas produced in the year by P2G; C [V/year] is the
cost for the carbon dioxide emissions of the entire system (control
volume 2); finally, Eel [MWhel/year] is the yearly electric energy
produced and distributed to the customers. All the parameters used
for the economic calculations are reported in Table 5.
The CAPEX and OPEX used in this study (see Table 6) were
derived from an average of forecasted values found in literature for
2030.
The wind turbine technology is considered to be a mature
technology and its specific CAPEX for the year 2030 varies in
literature from around 1000 V/kWel [27,50] to 1286 V/kWel [57].
The forecast of the specific CAPEX for PV plants in 2030 is
around 600e900 V/kWel [27,32,56,57].
P2G plants and electric batteries are the technologies that are
expected to show the greatest cost reduction over the next few
years.
P2G specific CAPEX of 470 V/kWel and 480 V/kWel were
assumed in Refs. [27,50], respectively, while higher costs were
estimated in Refs. [31,32], where specific CAPEX values of 614Fig. 4. Control volume 1: considered technologies for the calculation of the cost of
electricity.V/kWel and 900 V/kWel were reported, respectively.
The future specific CAPEX of EB is rather uncertain: an expen-
diture for Li-ion batteries of 150 V/kWhel was estimated for the
year 2030 in Refs. [31,50], while 350 V/kWhel was estimated in
Ref. [32]. The same uncertainty can also be observed for other
battery technologies: the specific CAPEX for the molten salt tech-
nology was forecasted to be 319 V/kWhel for 2030 in Ref. [57],
while a specific CAPEX of 100 V/kWhel was assumed for the same
technology and the same year in Ref. [27].
2.5. Dispatch and supply priority
For the sake of simplicity, a rigid dispatch and supply priority
has been considered in this work, and this simplified control logic is
presented in Fig. 5. Although a simplified and rigid dispatching
system does not fully highlight the opportunities of the coordina-
tion that could arise from an optimised management of the various
technologies [58], it can still offer an indication of how the mix of
storage and energy conversion technologies can be of benefit for
the entire system.
2.5.1. Electric demand fulfilment
Electric demand fulfilment is achieved by attempting to maxi-
mise the RES penetration and at the same time attempting to
reduce the electric energy produced by fossil fuel combustion. For
this reason, in order to meet the electric demand (see Fig. 5a), the
first considered option is to resort to the direct utilisation of RES.
When the RES energy is lower than the electric demand, the energy
stored in EB is used. The maximum discharge power of the storages
is a constraint of the system, and it is set according to the storage
characteristics. Finally, if the demand is not met when the stored
energy is used, the CHP system is turned on.
2.5.2. Dispatching of the electric surplus
The electric surplus is defined as the amount of renewable en-
ergy that is not used to meet the electric demand. In other words,
there is surplus whenever the energy produced by RES is higher
than the electric demand. In a real scenario, dispatching excess
renewable energy is a very complex problem. An overproduction of
energy can cause reverse power flow and grid voltage unbalancing
problems that can damage the functioning of the electricity grid
[59,60].
The dispatching priority, chosen for the base scenario, exploits
storage/conversion energy technologies by decreasing efficiency:
P2H, EB and finally P2G. A subsequent analysis was carried out in
which the priority order of the surplus dispatch through the three
technologies was changed: P2H, EB and P2G. The electrical surplus
(see Fig. 5b) is initially used to satisfy the thermal demand utilising
the P2H energy conversion technology. If the thermal demand is
satisfied, and there is still an electrical surplus, electric energy is
stored in the batteries; finally, when the batteries are completely
charged, the electricity surplus is converted into SNG by the P2G.
When the storage/conversion technologies are not able to manage
all the electric surplus, the RES production is curtailed in order not
to overload the electric grid.
A subsequent analysis was carried out in which the priority
Table 6
Financial parameters of the installed technologies.
Technology Specific CAPEX [V/kWel] OPEX O&M [%CAPEX] Life time Years Ref.
WT 1100 3.5 25 [27,31,32,50,57]
PV 800 1.5 30 [27,32,56,57]
CHP 900 3.0 20 [32,38]
HP 2900 2.0 25 [38]
EH 100 1.0 20 [32]
EBa 250 1.0 15 [27,31,32,50,57]
P2G 750 2.0 20 [27,31,32,50,57]
a The CAPEX of EB refers to its capacity and the values are therefore expressed in [V/kWhel].
Fig. 5. Dispatch and supply priority.
Fig. 6. Behaviour of the Electric demand, RES producibility, dispatch of the electric
surplus. From 1/4 to 15/4 (a); entire year (b).
Fig. 7. Fulfilment of the Electric Demand. From 1/4 to 15/4 (a); entire year (b).
Fig. 8. Fulfilment of the Heat Demand (both DH and LHD). From 1/4 to 15/4 (a); entire
year (b).
M. Badami, G. Fambri / Energy 173 (2019) 400e412 405order of the three technologies was changed: the different control
solutions were analysed and are compared in section 3.4. This
analysis, even though obviously very simplified, can give a rather
clear idea of the range of variation that the real solution could
undergo.
2.5.3. Heat demand fulfilment
As far as the heat supply is concerned, two different kinds of
consumers were considered (see Fig. 1): the first kind represents
those consumers that are connected to the district heating network
(DH demand), while the second one pertains to the local heat de-
mand (LH demand), that represents consumers that are not con-
nected to the district heating.
The DH demand is covered by different technologies, with the
following priority order (see Fig. 5c): first, if there is a surplus of
electric energy, centralised Power-to-Heat systems (CP2H) are
used. If there is no electric surplus, or if the heat produced by the
CP2H systems is not enough, the heat produced by CHP and the
heat recovered during the methanation process are used. When
these technologies are not able to completely satisfy this thermal
demand, centralised gas boilers (CG2H) are switched on to produce
the remaining required heat.
As far as the LH demand is concerned, this heat demand has to
be met by localised Power-to-Heat systems (LP2H) and gas boilers
(LG2H).
The presented priority order for the DH and LH demands allows
both the cost and the emissions for heat production to be reduced
as the heat produced by P2H, using the free RES surplus, and the
heat recovered from CHP and P2G are considered to be free of costs
and CO2 emissions. Moreover, the P2H priority leads to a reduction
in overloading problems caused by an overproduction of RES.3. Results and discussion
Figs. 6e8 show how the model responds to the electric and
thermal demands. The figures report the power profiles during two
characteristic weeks (April) on the left and the corresponding value
of the total energy over the entire year on the right.Fig. 6 shows the electric energy demand, the RES power pro-
ducibility profile, the corresponding electric surplus and its
dispatch. It is possible to note (see Fig. 6b) that, thanks to the high
installed RES nominal power, the electric surplus is almost 35% of
the RES producibility. The figure also shows how the electric sur-
plus is dispatched (see Fig. 6a): the initial parts of the surplus peaks
are converted into heat by the P2H technologies (blue area). In fact,
as previously mentioned, the first technology activated, in the case
of an electric surplus, is P2H (see Fig. 5b). P2H absorbs the electric
surplus until its maximum capability is reached, or until the heat
demand is completely satisfied. The remaining surplus is stored in
the EB or converted into SNG by the P2G technology. Finally, when
the electric surplus is too high, a curtailment of RES takes place (see
the upper black parts of the peaks in Fig. 6a).
Fig. 7 reports the electric energy fulfilment for the same weeks.
For most of the time, RESs are sufficient to cover the entire elec-
tricity demand (green area). When this is not the case, the first
technology to come into operation (see Fig. 5a) is the EB storage
technology (yellow area). EBs are able to provide the energy
required until the stored energy is exhausted. The remaining
electricity demand is covered by the electricity production of the
Fig. 10. Yearly RES producibility dispatch as a function of the PV nominal power.
Fig. 11. Mix of the yearly electric energy supply as a function of the WT installed
power.
M. Badami, G. Fambri / Energy 173 (2019) 400e412406CHP plant (brown area). The share of RES for direct utilisation
reaches 75% of the total electric demand and almost 80%, if the
utilisation of renewable energy stored in the electric batteries is
taken into consideration (see Fig. 7b).
The fulfilment of the heat demand from the different sources is
depicted in Fig. 8. The heat from the used mix of technologies
mainly comes from traditional G2H systems (dark green area),
which weighs more than 65% on the heat demand throughout the
entire year (see Fig. 8b). Part of the required heat is produced by the
CHP plant (brown area), while the P2H technology is only used
when an electric surplus is available (blue area), and it covers more
than 25% of the yearly heat demand. Finally, the grey area in the
graph represents the small part of heat supplied using the heat
recovered during the methanation process in the P2G plant.
The total CO2 produced during the simulated year is around 910
thousand tonnes, most of which is produced by G2H to satisfy the
thermal demand (nearly 630 thousand tonnes). The P2G technol-
ogy, thanks to the SNG production (which is considered to be a CO2
free emission fuel), allows almost 50 thousand CO2 tonnes per year
to be saved.
The total annual cost for the technologies in the scenario results
to be around 200MV/y; the total cost for the purchase of NG is
80MV/y plus almost 15MV/y for the CO2 emissions; the revenue
from the produced SNG is around 10MV/y, while the revenue for
heat production (from P2H CHP and P2G) generates an annual
revenue of nearly 50MV/y. The LCOE results to be 77 V/MWhel.
Even though this result depends to a great extent on the ana-
lysed scenario, as well as on the economic assumption, it is possible
to see specific similarities with the results present in the literature
for the year 2030. In particular, in Ref. [57], the LCOE, for the Eu-
ropean energy scenario with a high RES penetration and a high
utilisation of storage and convention energy technologies, results to
be around 71 V/MWhel. Different scenarios for the North-East Asia
region were analysed in Ref. [50], and the resulting LCOE varies
from 69 to 91 V/MWhel. The Austrian scenario was examined in
Ref. [26], and the LCOE resulted to be around 70V/MWhel. An LCOE
of around 110 V/MWhel, for a regional scenario in South-West
Germany, was estimated instead in Ref. [32], while an LCOE of
55e61 V/MWhel was estimated for Pakistan in Ref. [31].
3.1. Effect of the RES installed power
A sensitivity analysis of the RES installed power was carried out,
and some of the results are reported in Figs. 9e16. The analysis was
performed by separately increasing and decreasing the installed
power of the WT and PV plants, starting from the base scenario
(100%), which is reported in Tables 2 and 3.Fig. 9. Yearly RES producibility dispatch as a function of the WT nominal power.
Fig. 12. Mix of the yearly electric energy supply as a function of the PV installed power.As a result of the higher installed power and the higher value of
the full load hours (FLH) (see Table 2), the increase in the WT
installed capacity (Fig. 9) has a more significant impact on the
system than an increase of the same percentage in PV power
(Fig. 10).
Figs. 9 and 10 show the RES producibility and its dispatch to user
demand (green bar), storage and conversion technologies. The
direct utilisation of renewable energy shows a sort of higher limit as
the RES producibility increases. This effect is due to the mismatch
between the electricity demand profile and the RES production
profile. It is possible to note that the higher the installed RES
Fig. 13. Mix of the yearly heat supply as a function of the WT installed power.
Fig. 14. Mix of the yearly heat supply as a function of the PV installed power.
Fig. 15. LCOE as a function of the WT nominal power.
Fig. 16. LCOE as a function of the PV nominal power.
M. Badami, G. Fambri / Energy 173 (2019) 400e412 407nominal power is, the greater the role of the storage and conversion
technologies, but the storage/conversion technologies obviously
reach saturation for very high RES values, because they are con-
strained by their installed capacity. The curtailments, instead, in-
crease considerably for high RES power installations.
Fig. 11 and Fig. 12 show the mix of the yearly electric energy
supply as a function of theWTand PV installed power, respectively.
As expected, the higher the RES installed power is, the higher the
electric demand covered by RES (green area) and the lower the
electricity produced by the CHP plant (brown area). The figures also
show the electric demand that is satisfied when the energy storedin the EB is used (yellow area); as mentioned above, neither direct
RES utilisation nor EB utilisation increases linearly with the RES, but
they do show a sort of saturation.
Fig. 13 and Fig. 14 show the yearly heat supply mix as a function
of the WT and PV installed power, respectively. Most of the heat
supply comes from the traditional G2H systems. The higher the RES
nominal power is, the higher the heat produced by P2H (blue area)
and the use of the heat recovered from the P2G plants (grey area),
thanks to the higher availability of the electric surplus. Instead, the
utilisation of the CHP heat (brown area) decreases as the RES
nominal power increases, because the higher the RES production is,
the lower the need of CHP electricity and as a result the lower the
CHP heat production.
As the RES installed power increases, the expenditure for NG
(grey bar) reduces (see Fig. 15 and Fig. 16), because of the reduction
in the fuel-based energy production, and the revenues from heat
delivery (blue bar) and SNG production (yellow bar) increase. On
the other hand, the total equipment cost (orange bar) obviously
increases linearly with the RES installed power. The combined ef-
fect of these factors leads to a minimum of the LCOE for both cases.
It is possible to note, in Fig. 15, that an increase in the installed
power for very low values of WT nominal power (between 0 and
25%) causes a decrease in the heat production revenues (blue bar);
this is because an increase in the renewable energy decreases the
need for CHP electricity production and therefore also decreases
the heat produced by the plant and the corresponding revenues.
As far as CO2 emissions are concerned (see Fig. 17 and Fig. 18),
the greater the installed power of RES is, the lower the CO2 emis-
sions. The NG consumption for CHP reduces (brown bar) and the
SNG produced by P2G (yellow bar) increases for an increase in the
RES installed power. The fuel consumption for G2H (green bar) is
also reduced by increasing RES: in fact, the higher the RES instal-
lation and the higher heat produced by P2H are, the lower the G2H
utilisation.
3.2. Effect of energy storage and conversion technology installed
power
The results of a sensitivity analysis of the various energy storage
and conversion technologies are presented in this section.
Figs. 19e21 show the LCOE as a function of the capacity of the
EB, P2G and P2H technologies, while the total CO2 emissions are
shown from Figs. 22e24. In the figures, 100% of the installed ca-
pacity corresponds to the value presented in Table 3.
As far as the EB capacity is concerned, Fig. 19 shows the sensi-
tivity of the LCOE to variations in this parameter. The greater the
Fig. 17. CO2 emissions as a function of the WT nominal power.
Fig. 18. CO2 emissions as a function of the PV nominal power.
Fig. 19. LCOE as a function of the EB capacity.
Fig. 20. LCOE as a function of the P2G capacity.
Fig. 21. LCOE as a function of the P2H capacity.
Fig. 22. CO2 emissions as a function of the EB nominal power.
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energy stored in EB are, the lower the utilisation of CHP electric
energy and therefore the lower the expenditure for NG (grey bar).
On the other hand, the total equipment cost increases to a great
extent because of the higher investment cost for EB installation
(orange bar). When these two effects are added together, LCOE
always increases, which means that EB does not seem to be
economically convenient in this kind of scenario (a similar result
was also obtained in Ref. [32]). On the other hand, EB, thanks to its
extremely fast response, is able to offer other kinds of electric ad-
vantages such as ancillary services to the grid [61]. From anotherpoint of view, thanks to a lower utilisation of the CHP plant (see
Fig. 22), the EB installation leads to a decrease in the total CO2
emissions (brown bar). This effect is partly offset by a greater NG
consumption of the G2H plants (green bar), which is necessary to
balance the lower heat production of CHP.
The P2G installed power effect on the LCOE and the CO2 emis-
sions is plotted in Figs. 20 and 23, respectively. The economic
benefit achievable for the production of SNG (yellow bar) is offset
by an increase in the total equipment cost (orange bar). These two
effects, under the hypothesis adopted and the parameters used in
Fig. 23. CO2 emissions as a function of the P2G nominal power.
Fig. 24. CO2 emissions as a function of the P2H nominal power.
Fig. 25. LCOE as a function of the EB installed capacity for different specific CEPEX
values.
Fig. 26. LCOE as a function of the P2G installed capacity for different specific CEPEX
values.
M. Badami, G. Fambri / Energy 173 (2019) 400e412 409this work, produce an economic optimum that corresponds to the
minimum of the LCOE curve (see Fig. 20). On the other hand, the
higher the installed P2G power and produced SNG are, the lower
the quantity of emitted CO2 (see Fig. 23). This positive effect is
caused by the positive impact of SNG production (yellow bar), and
also as a result of the reduction in G2H utilisation (brown bar),
thanks to the P2G heat recovery.
The increase in the installed P2H has a positive effect on both
the LCOE and CO2 emissions (see Figs. 21 and 24). The incidence of
P2H on the total equipment cost is very small (orange bar), while
the increase in revenues from the sale of heat is very consistent
(blue bar). The total CO2 emissions also decrease as the installed
power of P2H increases: the heat production from P2H leads to a
consistent reduction in G2H utilisation, and thus in its emissions
(green bar).Table 7
Dispatch priority order codes.
Dispatch priority order Code
P2H - EB - P2G H-E-G
P2H - P2G - EB H-G-E
EB - P2H - P2G E-H-G
EB - P2G - P2H E-G-H
P2G - P2H - EB G-H-E
P2G - EB - P2H G-E-H3.3. Effect of EB and P2G CAPEX
A sensitivity analysis was also carried out on the specific CAPEX
of EB and P2G. The obtained results are reported in Fig. 25 and
Fig. 26.
It is possible to note, from Fig. 25, that the EB installation only
has a positive effect on LCOE if its specific CAPEX is lower than 150
V/kWhel.
As far as P2G is concerned (see Fig. 26), for the span of CAPEX
considered in this analysis, the installation of a certain power of the
P2G technology results to be positive, in economic terms. Obvi-
ously, the lower the specific CAPEX is, the higher the optimum P2G
installed power. A similar result was obtained in Ref. [32], where
the P2G had a positive economic effect.3.4. Effect of the priority dispatch of RES
When the energy produced by RES is higher than the electric
demand, the excess energy must be dispatched to the different
technologies or, if necessary, the RES must be curtailed in order to
avoid overloading of the electric grid. In the previous analysis, a
fixed priority dispatch order (described in section 2.5) was
considered, where the technologies were prioritised as follows:
P2H, EB and P2G.
This section studies the effect of different possible dispatch
priorities of the electric surplus, and Table 7 shows the six possible
priority orders that were analysed with the respective identifica-
tion codes, where H-E-G is the one that was presented in the pre-
vious sections. This analysis is important to highlight to what
extent the control strategy could play a fundamental role in future
energy scenarios.
Fig. 29. CO2 emissions as a function of the dispatch priority order.
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logics. The amount of surplus available over the entire year is
obviously not affected by the control logic. On the other hand, the
priority order influences the annual rate of energy dispatched to
the different technologies.
It is interesting to note that the curtailment is influenced to a
great extent by the dispatch priority order: for example, a high
priority of the EB produces an increase in curtailment (see E-G-H
and E-H-G options in Fig. 27). The lowest level of curtailment is
instead obtained for the G-H-E and H-G-E options. This effect is due
to the fact that the more EBs are charged, the more often they will
be saturated in the subsequent time step, which in turn will lead to
an increase in the curtailments.
Fig. 28 shows the LCOE for the different priority orders. The
greater the priority of EB is, the lower the fuel expenditure for CHP,
even though, as mentioned above, this solution leads to an increase
in curtailments. The priority of P2G influences the revenues as a
result of the production of SNG, but this effect is not particularly
relevant, even when P2G is the first choice. The lowest LCOE is
obtained when P2H is the first priority, since the higher the priority
of the P2H technology is, the higher the heat produced and thus the
higher the related revenues.
The results of the carbon dioxide emission analysis are depicted
in Fig. 29, where it is evident that the priority level of P2H has a
great effect on CO2 emissions. The higher the priority level of this
technology (H-E-G and H-G-E) is, the higher the heat produced
using renewable energy, with a consequent reduction in the
emissions from the traditional heat production. The highestFig. 27. Surplus dispatch as a function of the dispatch priority order.
Fig. 28. LCOE as a function of the dispatch priority order.emissions are instead achieved for the E-G-H and G-E-H dispatch
priority options.4. Conclusions
This paper presents a methodological approach that may be
used to model high RES penetration energy systems by considering
the exploitation of possible synergies between the different energy
networks (electric grid, district heating and natural gas). The pro-
posedmathematical model, applied to a scenario based on real data
pertaining to the consumption of the city of Turin (Italy), has been
used to study the interaction of the three considered energy net-
works by means of the following technologies:
 P2G: electric energy to SNG;
 CHP: natural gas to electric energy and heat;
 P2H: electric energy to heat;
 G2H: natural gas to heat.
These technologies, as well as Electric Batteries (EB), make the
energy demand more flexible in time, and facilitate a better
exploitation of an increase in the fluctuating and unpredictable RES
share.
A sensitivity analysis was carried out on the installed power of
the different technologies, considering their behaviour, from an
economic (LCOE) and greenhouse gas emission (CO2) point of view.
Furthermore, different simplified control logics of the RES energy
surplus priority dispatch were analysed and compared.
The main obtained results can be summarised as follows:
1) as shown in other studies, a future energy systemwith high RES
penetration in the electrical sector is feasible and could also be
advantageous from an economic point of view. The share of
electricity demand covered by RES in the analysed scenario
reaches almost 80%, and this value could easily be increased if
biogas electric energy production were included;
2) the LCOE of the analysed energy scenarios varies from 70 to 120
V/MWhel, depending on the economic assumptions, on the
different types of management of the system and on the energy
mix, in terms of RES and energy storage/conversion technology
installation. The LCOE for the base scenario, obtained consid-
ering a reasonable energy mix and the average economic pa-
rameters reported in the literature, results to be 77 V/MWhel,
which is in line with the results reported in literature for similar
studies of different energy scenarios for the year 2030.
3) despite the installation of an important share of energy storage
and conversion systems, a significant part of RES energy usually
M. Badami, G. Fambri / Energy 173 (2019) 400e412 411has to be curtailed to avoid grid balancing problems. As ex-
pected, the higher the installed power of the unpredictable RES
technologies (e.g. WT and PV) is, the higher the share of RES
energy used to meet the energy demand, with a consequent
reduction in the annual quantity of CO2 emissions. On the other
hand, from an economic point of view (LCOE) and on the basis of
the mix of technologies and assumption made in this work, the
installed RES power shows an optimal operating point with a
minimum in LCOE, due to the increase in the total equipment
cost;
4) electric batteries (EB), as is well known, allow the electric de-
mand peak loads to be shifted and thus the possible exploitation
of RES to be increased; the electricity production from fossil fuel
is also reduced accordingly. However, it is difficult that this
technology could be convenient, from the economic point of
view, in the absence of incentives, due to the high cost of this
technology, even for the most optimistic scenario for 2030. A
similar conclusion was found in Ref. [32], where it was
concluded that it was not possible for EB to be competitive with
the P2G log-storage technology. On the other hand, electric
batteries, due to their fast dynamics, can represent an important
benefit for ancillary services on the electric grid;
5) P2G has only recently been considered as a viable opportunity,
and for this reason its future cost is quite uncertain. Despite this,
a certain power capacity of P2G, with a CAPEX value based on an
average forecast for 2030, has shown a positive effect from an
economic and environmental point of view. This positive
behaviour was also found in Ref. [32], where it was concluded
that P2G technologies could be an important opportunity for
future scenarios;
6) P2H allows direct synergies to be achieved between electricity
and heat. The greater flexibility of the energy demand, due to
P2H usage, improves RES exploitation considerably. Moreover,
the high conversion efficiency of this technology, with its low
unitary cost, can lead to important economic and environmental
benefits for a future high volatile renewable energy penetration.
The P2H technology, coupled with thermal storages, could be
even more convenient, because it could be used easily to offer
ancillary services to the electric grid. The unpredictable pikes of
RES production could be stored in thermal storages in the form
of thermal energy, thus decreasing RES curtailments and mak-
ing the electrical network more stable to sudden variations in
RES;
7) the effect of the dispatching priority for the RES production
surplus was also studied and, even though the used system
control was rigid on-off dispatching logics, it permitted the
marked economic influence on the whole system to be pointed
out. Increasing the synergies between the electricity and heat
sectors was in fact shown to be the best solution.Acknowledgements
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